input device taxonomies and other frameworks typically emphasize the mechanical structure of input devices. We suggest that selecting an appropriate input device for an interactive task requires looking beyond the physical structure of devices to the deeper perceptual structure of the task, the device, and the interrelationship between the perceptual structure of the task and the control properties of the device. We atllrm that perception is key to understanding performance of multidimensional input devices on multidimensional tasks. We have therefore extended the theory of processing of perceptual structure to graphical interactive tasks and to the control structure of input devices. This allows us to predict task and device combinations that lead to better performance and hypothesize that performance is improved when the perceptual structure of the task matches the control structure of the device. We conducted an experiment in which subjects performed two tasks with different perceptual structures, using two input devices with correspondingly different control structures, a three-dimensional tracker and a mouse. We analyzed both speed and accuracy, as well as the trajectories generated by subjects as they used the unconstrained three-dimensional tracker to perform each task. The results support our hypothesis and confirm the importance of matching the perceptual structure of the task and the control structure of the input device.
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Thus, the three-dimensional tracker should always be used in place of a mouse since it is always at least as good-and sometimes better.
. 5
This also assumes ideal devices (that do not exist) with equal cost and equal accuracy and the absence of other ergonomic differences in such parameters as control-display ratio, nonlinearities, instabilities, size, shape, and weight. Figure  1 ). The target position and size were represented by a black outline square. The range of sizes was 0.7 to 6.2 inches on a side. For the greyscale task, the user-controllable object was a square of size 2.8 inches (the midpoint of the size range) that contained an embedded circle 1.5 inches in diameter (see Figure  2) . 
Procedure
The arrangement of the apparatus is shown to scale in Figure  3 . The subject was seated on a straight-backed chair in front of a monitor that was placed on a standard office desk. 
Time to End of Trial
The first analysis looked at time and accuracy when a subject ended a trial. Figure  4 and graphed in Figure  5 , suggests that, as predicted, neither task nor device alone produced as large an effect as the interaction of the two. These observations were evaluated with a repeated-measures analysis of variance. Order of presentation was not significant (F(3, 39) = 1.09, p > 0.30), allowing aggregation of the four orders. There were significant effects for both task (l'(l, 39) = 7.40, p < 0.01) and device (F(l, 39) = 7.80, p < 0,01) and a highly significant effect for interaction between task and device (3'(1, 39) = 69.34, p < 0.0001). An omega-squared analysis indicated that 20% of the total variance was accounted for by this interaction; this is high given the large variation from individual differences.
The accuracy results, shown in Figure  6, Figure  7 . Next, the four averages were ranked according to completion time. The bar drawn in Figure  7 highlights the region in which the rankings follow our predictions, that is, for the size task, where Polhemus always beats mouse, and for the greyscale task, where mouse always beats Polhemus. This region contains all the accuracies that one would consider to be successful completions of the task, from very inaccurate task performance at the distance 0.24 inches ( Figure  8 illustrates a 0.24-inch match) down to an almost perfect match. The results from several criteria were analyzed further to evaluate the significance of these findings, and the results were all similar. We present results for 0.099 inches, an accuracy reached on 70% of all trials. These results are shown in Figure  9 and graphed in Figure  10 . These observations were evaluated with a repeated-measures analysis of variance. Neither task (3'(1, 39) = 2.48, p > 0.12) nor device (F(l, 39) = 3.18, p > 0.08) was significant, but the interaction of task and device (#'(l, 39) = 52.46, p < 0.0001) was highly significant as predicted. Omega squared indicated that 22'%o of the variance was accounted for by this interaction. In contrast, task (lYo) and device (2%) accounted for very little. The highly significant interaction supported by the high percentage of variance accounted for by the interaction '""""'"r 6000 4000
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Stopping criterion (in inches) Fig. 7 . Average performance by condition over a range of stopping criteria covering 0.579 to 0.034 inches (Euclidean distance to target). The line markeds / p gives the data for th~size task using the Polhemus; s/rnis size task using mouse; g/pisthe greyscale task using Polhemus; and g/m is greyscale task using mouse. The striped bar at the bottom indicates the criteria where performance time rankings followed our predictions.
The value 0.24 inches at the right endofthe barcorresponds to the criterion at which g/m and g/p cross.
again supports the hypothesis that matching task and device in integrality or separability leads to better performance. The rankings also contain a second region of interest, further from the target. Although the distance to target in this region is too great to be considered a match, the results shed light on the process of completing a match. This region begins at approximately 3.65 inches from target and ends at the 0.24-inch mark (the distance at the right end of the bar in Figure 8 ). In this early behavior, for each task, the Polhemus always performed better than the mouse (although still better on the integral size task than the separable greyscale one). That is, for very crude, quick-and-dirty matches, the Polhemus was always faster. Again, several points in the range were examined, and the data for 0.987 inches are presented here. The results are shown in Figure  11 and graphed in Figure  12 . A repeated-measures analysis of variance was again conducted. Both task (F(l, 39) = 143.23, p < 0.0001) . Robert J. K. Jacob et al Fi~. 8 . Illustration of the accuracv imdied bv the 0.24-inch criterion referenced in Fimme 7, shown to scale for a 1.2-inch-wide-tar~et and" user-controllable object. Shaded square is 0.24 inches in Euclidean distance from the outline square in x and y only, in the stimulus space. This criterion distance is too large to be considered a match for most purposes.
Device
Integral ( that allows freedom to move in any direction. The Polhemus meets this requirement.
In contrast, the combination of two-dimensional mouse movements and one-dimensional slider does not because it constrains the subject to city-block movement by not allowing all dimensions to be manipulated concurrently. Second, the tasks should differ only minimally to isolate key differences.
In this experiment, the software driving the two tasks was identical except for how one parameter was visually presented.
In both tasks, the x and y dimensions were displayed as position coordinates.
The difference lay solely in how the z dimension was displayed, as either size or greyscale.
The pictures in Figures  13 and 14 show the average performance of all subjects on one selected trial out of the 80 total scored trials.
Like-numbered trials in each condition had the same distance and so could be compared. The trial presented is one of the longer ones (5.885 inches out of the range 2.946 inches to 6.875 inches) and one of the last completed in a session (number 74
. 21 out of 80). This trial was selected because it clearly illustrates the observed difference in subject performance between tasks. The Polhemus trajectory for the size task on this trial ( Figure  13 ) suggests that the subject was cutting across all three axes. In contrast, the greyscale task ( Figure  14 ) was completed first by resolving the discrepancy in x and y followed by the discrepancy in z. In other words, we do not see simultaneous motion in the x-y plane and along the z axis. These tasks differed only in how z was displayed. -First, the raw event data series was transformed into a time series with a 10-ms. period. It was then smoothed using a 15-point low-pass filter to remove high-frequency equipment noise and hand tremor.
-Second, the data were truncated to isolate the area of interest. A subject's behavior on a trial typically divides into two parts: strong, quick movements toward the target followed by back-and-forth fine-tuning behavior.
The latter can be seen in the small knot at the left in Figure  13 ; the view . 23
angle in Figure  14 
